We report β-detected nuclear magnetic resonance (β-NMR) measurements in Bi 2 Se 3 :Ca (BSC) and Bi 2 Te 3 :Mn (BTM) single crystals using 8 Li + implanted to depths on the order of 100 nm. Above ∼200 K, spin-lattice relaxation (SLR) reveals diffusion of 8 Li + , with activation energies of ∼0.4 eV (∼0.2 eV) in BSC (BTM). At lower temperatures, the nuclear magnetic resonance (NMR) properties are those of a heavily doped semiconductor in the metallic limit, with Korringa relaxation and a small, negative, temperature-dependent Knight shift in BSC. From this, we make a detailed comparison with the isostructural tetradymite Bi 2 Te 2 Se (BTS) [McFadden et al., Phys Rev. B 99, 125201 (2019)]. In the magnetic BTM, the effects of the dilute Mn moments predominate, but remarkably the 8 Li signal is not wiped out through the magnetic transition at 13 K, with a prominent critical peak in the SLR that is suppressed in a high applied field. This detailed characterization of the 8 Li NMR response is an important step towards using depth-resolved β-NMR to study the low-energy properties of the chiral topological surface state (TSS). With the bulk NMR response now established in several Bi 2 Ch 3 tetradymite topological insulators (TIs), the prospect of directly probing their chiral TSS using the depth resolution afforded by β-NMR remains strong. arXiv:1911.12212v1 [cond-mat.mtrl-sci] 
I. INTRODUCTION
The bismuth chalcogenides Bi 2 Ch 3 (Ch = S, Se, or Te) of the layered tetradymite structure are an interesting class of highly two dimensional narrow bandgap semiconductors. Strong spin-orbit coupling inverts the energy ordering of their bands, making them bulk topological insulators (TIs) characterized by a single Dirac cone at the Brillouin zone centre and a topologically protected metallic surface state. 1,2 This has augmented longstanding interest in their thermoelectric properties with significant efforts (theoretical and experimental) to understand their electronic properties in detail. 3, 4 Consisting of weakly interacting Ch Bi Ch Bi Ch atomic quintuple layers (QLs) (see e.g., Figure 1 in Ref. 5) , they can also accommodate intercalant species such as Li + in the van der Waals (vdW) gap between QLs, [6] [7] [8] similar to the layered transition metal dichalcogenides (TMDs). 9, 10 Although their bandgaps are ∼150 meV, doping by intrinsic defects, such as Ch vacancies, yields crystals that are far from insulating. To increase the contrast in conductivity between the bulk and the metallic topological surface state (TSS), the crystals are often compensated extrinsically. For example, Ca substitution for Bi suppresses the self-doped n-type conductivity in Bi 2 Se 3 . 1, 11 Doping can also be used to modulate their magnetic properties, yielding magnetic TIs where the TSS is gapped, 12 for example, by substitution of Bi with a paramagnetic transition metal. 13, 14 The intriguing electronic properties of the tetradymite TIs have predominantly been investigated using surface sensitive probes in real and reciprocal space (e.g., scanning tunnelling spectroscopy (STS) and angle-resolved photoemission spectroscopy (ARPES)), as well as other bulk methods. In complement to these studies, nuclear magnetic resonance (NMR) offers the ability to probe their electronic ground state and lowenergy excitations through the hyperfine coupling of the nuclear spin probe to the surrounding electrons. Such a local probe is especially useful when disorder masks sharp reciprocal space features, as is the case in Bi 2 Ch 3 . The availability of a useful NMR nucleus, however, is usually determined by elemental composition and natural (or enriched) isotopic abundance, as well as the specific nuclear properties such as the gyromagnetic ratio γ and, for spin > 1/2, the nuclear electric quadrupole moment Q. While the Bi 2 Ch 3 family naturally contain several NMR nuclei, [15] [16] [17] they are either low-abundance or have a large Q. As an alternative, here we use an ion-implanted NMR probe at ultratrace concentrations, with detection based on the asymmetric property of radioactive β-decay. 18 Using β-detected nuclear magnetic resonance (β-NMR), we study two single crystals of doped Bi 2 Ch 3 -compensated Bi 2 Se 3 :Ca (BSC) and magnetic Bi 2 Te 3 :Mn (BTM) -each with a beam of highly polarized 8 Li + . In many respects, β-NMR is closely related to muon spin rotation/relaxation/resonance (µSR), but the radioactive lifetime is much longer, making the frequency range of dynamics it is sensitive to more comparable to conventional NMR. In addition to purely electronic phenomena, in solids containing mobile species, NMR is also well known for its sensitivity to low frequency diffusive fluctuations, [19] [20] [21] as are often encountered in intercalation compounds. At ion-implantation energies sufficient to probe the bulk of BSC and BTM, we find evidence for ionic mobility of 8 Li + above ∼200 K, likely due to two-dimensional (2D) diffusion in the vdW gap. At low temperature, we find Korringa relaxation and a small temperature dependent negative Knight shift in BSC, allowing a detailed comparison with 8 Li in the structurally similar Bi 2 Te 2 Se (BTS). 5 In BTM, the effects of the Mn moments predominate, but remarkably the signal can be followed through the magnetic transition. At low temperature, we find a prominent critical peak in the relaxation that is suppressed in a high applied field, and a broad, intense resonance that is strongly shifted. This detailed characterization of the 8 Li NMR response is an important step towards using depth-resolved β-NMR to study the low-energy properties of the chiral TSS.
II. EXPERIMENT
Doped TI single crystals BSC and BTM with nominal stoichiometries Bi 1.99 Ca 0.01 Se 3 and Bi 1.9 Mn 0.1 Te 3 were grown as described in Refs. 11 and 13 and magnetically characterized using a Quantum Design magnetic property measurement system (MPMS). In the BTM, a ferromagnetic transition was identified at T C ≈ 13 K, consistent with similar Mn concentrations. 13, [22] [23] [24] In contrast, the susceptibility of the BSC crystal was too weak to measure accurately, but the data show no evidence for a Curie tail at low-T that could originate from dilute paramagnetic defects.
β-NMR experiments were performed at TRIUMF's isotope separator and accelerator (ISAC) facility in Vancouver, Canada. Detailed accounts of the technique can be found in Refs. 5 and 18. A low-energy highly polarized beam of 8 Li + was implanted into the samples mounted in one of two dedicated spectrometers. 18, 25 Prior to mounting, the crystals were cleaved in air and affixed to sapphire plates using Ag paint (SPI Supplies, West Chester, PA). The approximate crystal dimensions were 7.8 mm × 2.5 mm × 0.5 mm (BSC) and 5.3 mm × 4.8 mm × 0.5 mm (BTM). With the crystals attached, the plates were then clamped to an aluminum holder threaded into an ultra-high vacuum (UHV) helium coldfinger cryostat. The incident 8 Li + ion beam had a typical flux of ∼10 6 ions/s over a beam spot ∼2 mm in diameter. At the implantation energies E used here (between 1 keV to 25 keV), 8 Li + stopping profiles were simulated for 10 5 ions using the Stopping and Range of Ions in Matter (SRIM) Monte Carlo code (see Appendix A). 26 For E > 1 keV, a negligible fraction of the 8 Li + stop near enough to the crystal surface to sense the TSS. Most of the data is taken at 20 keV, where the implantation depth is ∼100 nm, and the results thus reflect the bulk behavior.
The probe nucleus 8 Li has nuclear spin I = 2, gyromagnetic ratio γ/2π = 6.3016 MHz T −1 , nuclear electric quadrupole moment Q = +32.6 mb, and radioactive lifetime τ β = 1.21 s. The nuclear spin is polarized in-flight by collinear optical pumping with circularly polarized light, 27 yielding a polarization of ∼70 %. 28 The 8 Li polarization was monitored after implantation through the anisotropic radioactive β-decay, similar to µSR. Specifically, the experimental asymmetry A (proportional to the average longitudinal spin-polarization) was measured by combining the rates in two opposed scintillation counters. 18, 29 The proportionality constant depends on the experimental geometry and the details of the β-decay (here, on the order of ∼0.1).
Spin-lattice relaxation (SLR) measurements were performed by monitoring the transient decay of spin-polarization both during and following a pulse of beam lasting several seconds. During the pulse, the polarization approaches a steady-state value, while after the pulse, it relaxes to essentially zero. At the edge of the pulse, there is a discontinuity in the slope, characteristic of β-NMR SLR data (see e.g., Figure 1 ). Note that unlike conventional NMR, no radio frequency (RF) field is required for the SLR measurements. As a result, it is generally more expedient to measure SLR than the resonance; however, there is no spectral resolution of the relaxation, which represents the SLR of all the 8 Li. The temperature dependence of the SLR rate was measured at several applied magnetic fields B 0 : 6.55 T parallel to the Bi 2 Ch 3 trigonal c-axis; and at lower fields ≤20 mT perpendicular to the c-axis. A typical SLR measurement took ∼20 min.
Resonances were acquired using a direct current (DC) 8 Li + beam and a continuous wave (CW) transverse RF magnetic field B 1 . In this measurement mode, the RF frequency is stepped slowly through the 8 Li Larmor frequency ω 0 = 2πν 0 = γB 0 and the spin of any on-resonance 8 Li is rapidly precessed, resulting in a loss in the average time-integrated β-decay asymmetry. The resonance amplitudes are determined by several factors: the baseline asymmetry (i.e., the time integral of the SLR); the RF amplitude B 1 ; the presence of slow, spectral 8 Li dynamics occurring up to the second timescale (see e.g., Ref. 30); and, for quadrupole satellite transitions, the relative populations of the magnetic sublevels are somewhat different than conventional pulsed NMR. 5, 18, 31 Resonances were recorded over a temperature range of 4 K to 315 K at both high and low magnetic fields. At high field, the resonance frequency was calibrated against its position in a single crystal MgO at 300 K, with the superconducting solenoid persistent. A single spectrum typically took ∼30 min to acquire.
III. RESULTS AND ANALYSIS

A. Bi 2 Se 3 :Ca
Typical 8 Li SLR data in BSC, at both high and low magnetic field, are shown in Figure 1 . To aid comparison, A(t) has been normalized by its initial value A 0 determined from fits described below. Clearly, the SLR is strongly temperature and field dependent. At low field, the SLR is very much faster, due to additional relaxation from fluctuations of the host lattice nuclear spins. 32 The temperature dependence of the relaxation is non-monotonic, indicating that some of the low frequency fluctuations at ω 0 are frozen out at low temperature.
The relaxation is non-exponential at all temperatures and fields, so the data were fit with the phenomenological stretched exponential. This approach was also used for 8 8 Li + implanted at 20 keV. The shaded region indicates the duration of the 8 Li + beam pulse. The relaxation is strongly field dependent, increasing at lower fields, and it increases non-monotonically with increasing temperature. The solid black lines show fits to a stretched exponential described in the text. The initial asymmetry A 0 from the fits is used to normalize the data which are binned by a factor of 20 for clarity.
in conventional NMR of related materials. [15] [16] [17] Explicitly, for a 8 Li + implanted at time t , the spin polarization at time t > t follows:
where λ ≡ 1/T 1 is the SLR rate and 0 < β ≤ 1 is the stretching exponent. This is the simplest model that fits the data well with the minimal number of free parameters, for the entire Bi 2 Ch 3 tetradymite family of TIs. Using Equation (1) convoluted with the beam pulse, SLR spectra in BSC, grouped by magnetic field B 0 and implantation energy E, were fit simultaneously with a shared common initial asymmetry A 0 (B 0 , E). Note that the statistical uncertainties in the data are strongly time-dependent (see e.g., Figure 1 ), which must be accounted for in the analysis. Using custom C++ code incorporating the MINUIT minimization routines 33 implemented within the ROOT data analysis framework, 34 we find the global least-squares fit for each dataset. The fit quality is good (χ 2 global ≈ 1.02) and a subset of the results are shown in Figure 1 as solid black lines. The large values of A 0 extracted from the fits (∼10 % for B 0 = 6.55 T and ∼15 % for B 0 = 15 mT) are consistent with the full beam polarization, with no missing fraction.
We now consider a model for the temperature and field dependence of 1/T 1 . We interpret the local maxima in 1/T 1 in Figure 2 caused by a fluctuating field coupled to the 8 Li nuclear spin with a characteristic rate that sweeps through ω 0 at the peak temperature. 19, 35, 36 Potential sources of the fluctuations are discussed below. The rate peaks are superposed on a smooth background that is approximately linear, reminiscent of Korringa relaxation in metals. 31, 37 This is surprising, since BSC is a semiconductor, but it is similar to BTS. 5 We discuss this point further in Section IV B. From this, we adopt the following model for the total SLR rate:
(2)
In Equation (2), the first two terms account for the T-linear contribution with a finite intercept a, while the remaining terms describe the i th 1/T 1 peak in terms of a coupling constant c i (proportional to the mean-squared transverse fluctuating field) and the n-quantum NMR spectral density functions J n,i . 36 In general, J n,i is frequency dependent and peaked at a temperature where the fluctuation rate matches ∼ nω 0 . While the precise form of J n,i is not known a priori, the simplest expression, obtained for isotropic three-dimensional (3D) fluctuations, has (5) obtained from the analysis of the temperature dependence of 1/T 1 in Ca doped Bi 2 Se 3 shown in Figure 2 . The two processes giving rise to the rate peaks are labelled with index i. Good agreement is found between the E A s determined using the spectral densities functions J n for 2D and 3D fluctuations [Equations (3) and (4)].
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where τ c is the (exponential) correlation time of the fluctuations. Alternatively, when the fluctuations are 2D in character, as might be anticipated for such a layered crystal, J n may be described by the empirical expression: 35, 38 
For both Equations (3) and (4), we assume that τ c is thermally activated, following an Arrhenius dependence:
where E A is the activation energy, τ 0 is a prefactor, k B is the Boltzmann constant. If the fluctuations are due to 8 Li + hopping, τ −1 c is the site-to-site hop rate.
Using the above expressions, we fit the 1/T 1 data using a global procedure wherein the kinetic parameters (i.e., E A,i and τ −1 0,i ) are shared at all the different ω 0 . This was necessary to fit the data at 6.55 T where the relaxation is very slow. For comparison, we applied this procedure using both J 3D n and J 2D n and the fit results are shown in Figure 2 as solid (J 3D n ) and dashed (J 2D n ) lines, clearly capturing the main features of the data. The analysis distinguishes two processes, i = 1, 2 in Equation (2): one (i = 1) that onsets at lower temperature with a shallow Arrhenius slope of ∼0.1 eV that yields the weaker peaks in 1/T 1 at both fields; and a higher barrier process (i = 2) with an E A of ∼0.4 eV that yields the more prominent peak in the low field relaxation, while the corresponding high field peak must lie above the accessible temperature range. The resulting fit parameters are given in Table I . We discuss the results in Section IV A.
We now turn to the 8 Li resonances, with typical spectra shown in Figure 3 . As anticipated for a non-cubic crystal, the spectrum is quadrupole split, confirmed unambiguously by the helicity-resolved spectra (see Appendix B). This splitting, on the order of a few kHz, is determined by the electric field gradient (EFG) and is a signature of the crystallographic 8 8 Li resonance spectra in BSC at low magnetic field. The vertical scale is the same for all spectra; they have been normalized to account for changes in intensity due to SLR, 39 with their baselines (shown as dashed grey lines) shifted to match the temperature. The spectra consist of a small and nearly temperature-independent quadrupole split pattern, centred about an unsplit Lorentzian line, whose amplitude grows above ∼150 K. Note the quadrupole pattern of an integer spin nucleus like 8 Li, has no central satellite (main line). The solid black lines are fits to a sum of this Lorentzian plus and 2I = 4 quadrupole satellites (see text). equal, but as the temperature is raised, the unsplit line grows to dominate the spectrum, accompanied by a slight narrowing.
The scale of the quadrupole splitting is determined by the product of the principal component of the EFG tensor eq with the nuclear electric quadrupole moment eQ. We quantify this with a conventional definition of the quadrupole frequency (for I = 2): 40
In high field, a first order perturbation treatment of the quadrupole interaction is sufficient to obtain accurate satellite positions. However, at low field, where ν q /ν 0 ≈ 6 %, second order terms are required. 40, 41 Based on the change in satellite splittings by a factor 2 in going from B 0 c to B 0 ⊥ c, we assume the asymmetry parameter of the EFG η = 0 (i.e., the EFG is axially symmetric). This is reasonable based on likely interstitial sites for 8 Li + . 5 Pairs of helicity-resolved spectra were fit with ν 0 and ν q as shared free parameters, in addition to linewidths and amplitudes. As the difference between the frequency of the unsplit line and the center of the quadrupole split pattern was too small to measure accurately, the fits were additionally constrained to have the same central frequency ν 0 . This is identical to the approach used for BTS. 5 A subset of the results (after recombining the two helicities) are shown in Figure 3 as solid black lines.
The main result is the strong temperature dependence of the resonance amplitude shown in Figure 4 . While the satellite amplitudes are nearly temperature independent, the central component increases substantially above 150 K, tending to plateau above the 1/T 1 peak. The other parameters are quite insensitive to temperature. Typical linewidths (i.e., full width at half maximum) are ∼2.2 kHz for the satellites and ∼3.8 kHz for the central component. The quadrupole frequency ν q ≈ 5.5 kHz varies weakly, increasing slightly as temperature is lowered.
We also measured resonances at room and base temperature in high field (6.55 T) where 8 Li is sensitive to small magnetic shifts. From the fits, we use ν 0 to calculate the raw relative frequency shift δ in parts per million (ppm) using:
where ν MgO is the reference frequency position in MgO at 300 K. The shifts are small: +12(2) ppm at room temperature and −17(3) ppm at 5 K, the latter considerably smaller in magnitude than in BTS. 5 Because 8 Li NMR shifts are generally so small, it is essential to account for the demagnetization field of the sample itself. From δ, the corrected shift K is obtained by the centimetre-gram-second system of units (CGS) expression: 42
where N is the dimensionless demagnetization factor that depends only on the shape of the sample and χ v is the dimensionless (volume) susceptibility. For a thin film, N is 1, 42 but for the thin platelet crystals used here, we estimate N is on the order of ∼0.8, treating them as oblate ellipsoids. 43 For the susceptibility, we take the average of literature values reported for pure Bi 2 Se 3 , [44] [45] [46] [47] giving χ CGS v ≈ −2.4 × 10 −6 emu cm −3 . Note that we have excluded several reports 48-50 whose results disagree by an order of magnitude from those predicted by Pascal's constants. 51 Applying the correction for BSC yields Ks of −2(2) ppm and −31(3) ppm at room and base temperature, respectively. We discuss this below in Section IV B.
B. Bi 2 Te 3 :Mn
Typical 8 Li SLR data at high and low field in the magnetically doped BTM are shown in Figure 5 . In contrast to nonmagnetic BSC, the relaxation at high field is fast, typical of paramagnets with unpaired electron spins. [52] [53] [54] The fast high field rate produces a much less pronounced field dependence. At low field, the SLR rate is peaked at low temperature. The relaxation is also non-exponential and fits well using Equation (1), with a stretching exponent systematically smaller than in the nonmagnetic BSC or BTS. 5 We analyzed the data with the same global approach, obtaining good quality fits (χ 2 global ≈ 1.01) demonstrated by the solid black lines in Figure 5 . The shared values of A 0 from the fits are large (∼10 % for B 0 = 6.55 T and ∼15 % for B 0 = 20 mT), consistent with the full beam polarization, implying that there is remarkably no magnetic wipeout from very fast relaxation, 52 even at low field.
The fit parameters are shown in Figure 6 . At all temperatures, especially at high field, the SLR rate 1/T 1 is orders of magnitude larger than in the nonmagnetic analogs. No clear 1/T 1 BPP peaks can be identified between 100-300 K; however, in the low field data, a critical divergence is evident at the magnetometric transition at about 13 K. In high field, this feature is largely washed out, with a remnant peak near 50 K. Above 200 K, the SLR rate increases very rapidly and is well-described by
, with E A ≈ 0.2 eV at both fields. We discuss this below in Section IV A.
In contrast to BSC and BTS, 5 the resonance in BTM consists of a single broad Lorentzian with none of the resolved fine structure (see Figure 7) . Surprisingly, the very broad line has significant intensity, dwarfing the quadrupole pattern in BSC in both width and amplitude. In addition, there is a large negative shift at 10 K. At room temperature, the line is somewhat narrower, and the shift is reduced in magnitude. Quantitative results from Lorentzian fits are summarized in Table II . Bi 2 Te 3 :Mn Figure 5 . Typical 8 Li SLR spectra in Mn doped Bi 2 Te 3 at high (left) and low (right) magnetic field for 8 Li + implantation energies of 20 keV and 8 keV, respectively. The shaded region denotes the duration of the 8 Li + beam pulse. The SLR is substantial and orders of magnitude faster than in BSC (see Figure 1 ) at high field. The field dependence to the SLR is much weaker than in the nonmagnetic tetradymites. The solid black lines are fits to a stretched exponential convoluted with the 8 Li + beam pulse as described in the text. The initial asymmetry A 0 from the fit is used to normalize the spectra. The high and low field spectra have been binned for by factors of 20 and 5, respectively. 
IV. DISCUSSION
The 8 Li NMR properties of nonmagnetic BSC are quite similar to previous measurements in BTS. 5 The resonance spectra show a similar splitting (ν q is about 25 % smaller in BSC), indicating a similar site for 8 Li. The resemblance of the spectra extends to the detailed temperature dependence, including the growth of the unsplit line approaching room temperature. Surprisingly, the BSC spectra are better resolved than BTS, implying a higher degree of order, despite the Ca doping. This likely reflects additional disorder in BTS from Bi/Te anti-site defects 55 that are much more prevalent than for Bi/Se, due to the difference in radii and electronegativity. The sharp quadrupolar pattern indicates a well-defined crystallographic 8 Figure 6 . Temperature dependence of the 8 Li SLR rate 1/T 1 in Mn doped Bi 2 Te 3 at high and low field. At low field, 1/T 1 shows a critical peak at the ferromagnetic transition at T C ≈ 13 K, as the Mn spin fluctuations freeze out. Above 200 K, the SLR rate increases exponentially in manner nearly independent of applied field. The solid grey lines are drawn to guide the eye.
suggests it is in the vdW gap. Density functional theory (DFT) calculations of the EFG may enable a precise site assignment. The high field SLR is also similar to BTS: it is slow and near the lower limit measurable due to the finite 8 Li lifetime τ β and comparable to the vdW metal NbSe 2 , 56 where the carrier concentration is much higher, but significantly slower than the TI alloy Bi 1-x Sb x . 57 The low field enhancement of 1/T 1 is also similar, so it cannot be essentially related to the dilute 125 Te moments that are absent in BSC, but probably determined primarily by the 100 % abundant 209 Bi. From such a detailed similarity, it is clear that a quantitative comparison with BTS and other vdW materials will be useful.
With these similarities in mind, the rest of the discussion is organized as follows: in Section IV A, we consider evidence of mobility of the 8 Li + ion; in Section IV B, electronic effects at low temperature in BSC; and the magnetic properties of BTM in Section IV C.
A. Dynamics of the Li + ion
In BTS, we considered if the evolution of the spectrum with temperature (similar to Figure 3 ) was the result of a site change transition from a meta-stable quadrupolar 8 Li + site to a lower energy site with very small EFG at higher temperature, 5 similar to elemental Nb. 58 We now consider an alternative explanation; [Uncorrected] Shift (ppm) Figure 7 . Typical 8 Li resonances in Mn doped Bi 2 Te 3 and Ca doped Bi 2 Se 3 at high magnetic field. The vertical scale is the same for both spectra; they have been normalized to account for changes in intensity and baseline. 39 The lineshape in the magnetic BTM is well-described by a broad Lorentzian (solid black line) with no quadrupolar splitting. A large negative shift is also apparent for BTM with respect to the reference frequency in MgO (vertical dashed line). The dotted vertical line indicates the expected resonance position due to demagnetization, revealing a large positive hyperfine field (∼38 G) at 5 K in the magnetic state.
namely, dynamic averaging of the quadrupolar interaction due to 8 Li + motion. Examples of this are found in conventional 7 Li NMR, where, unlike 8 Li, the I = 3/2 quadrupole spectrum has a main line (the m = ±1/2 satellite) overlapping the averaged resonance. 59, 60 Dynamic averaging is suggested by the onset near, but below, the SLR rate peak (see Figure 4 ). However, for hopping between equivalent interstitial sites (probably the quasioctahedral Wyckoff 3b site in the vdW gap -see Figure 12 in Ref. 5), one does not expect that the EFG will average to a value near zero (required to explain the unsplit line). A point charge estimate reveals the quasi-tetrahedral (Wyckoff 6c) site, thought to be the saddle point in the potential for Li + between adjacent 3b sites, 61 has an EFG of opposite sign to the 3b site. If 6c is instead a shallow minimum, the 8 Li + residence time there may be long enough that the EFG averages to near zero. In the fast motion limit at higher temperatures, one would then expect the quadrupole splitting to re-emerge when the residence time in the 6c "transition" site becomes much shorter. 60 We now examine the two kinetic processes causing the 1/T 1 peaks in BSC. It is surprising to find two distinct thermally activated processes sweeping through the NMR frequency, especially since only a single process was found in BTS. 5 First, we consider the weaker feature, the low temperature (i = 1) peaks. In layered materials, small intercalates can undergo highly localized motion at relatively low temperatures below the onset of free diffusion. 20, 21 Such local motion may be the source of the SLR rate peak, but it is quite ineffective at narrowing the resonance, consistent with the absence of any lineshape changes in the vicinity of the i = 1 peaks. Caged local motion is usually characterized by a small activation barrier, comparable to the ∼0.1 eV observed here. Similar phenomena have been observed at low temperature, for example, in neutron activated 8 Li β-NMR of Li intercalated graphite, LiC 12 . 62, 63 It is not clear why such motion would be absent in BTS, 5 which has a larger vdW gap than BSC (2.698 Å vs. 2.568 Å). Alternatively, this feature in the relaxation may have an electronic origin, perhaps related to the emergent low-T magnetism in MoTe 2 observed by µSR 64 and 8 Li β-NMR. 65 In contrast, the SLR rate peak above 200 K (i = 2) is almost certainly due to EFG fluctuations caused by stochastic 8 Li + motion. From the data, we cannot conclude that this is longrange diffusion, but the room temperature Li + intercalability of Bi 2 Se 3 6-8 suggests it is. Its barrier, on the order of ∼0.4 eV, is comparable to other vdW gap layered ion conductors, but it is about twice as high as in BTS, 5 possibly a result of the Se (rather than Te) bounded vdW gap, which provides less space between neighbouring QLs.
We now consider the Arrhenius law prefactors τ −1 0 , that, for ionic diffusion, are typically in the range 10 12 -10 14 s −1 . For the low-T process (i = 1), independent of the form of J n (see Table I ), τ −1 0 ≈ 9 × 10 10 s −1 is unusually low. In contrast, for the high-T (i = 2) process, it is much larger and depends strongly on J n . For 3D diffusion, it is in the expected range, while the 2D model yields an extremely large value, ∼10 16 s −1 , in the realm of prefactor anomalies 66 and opposite to the small value expected for low dimensional diffusion. 67 Similar behaviour was observed recently in 7 Li NMR of LiC 6 , 68 where surprisingly, J 2D n was concluded to be less appropriate than J 3D
n , suggesting that Li motion in the vdW gap is not as ideally 2D as might be expected. In BSC, the anomaly may be related to local dynamics that onset at lower T, imparting some 3D character to the motion.
Given the evidence for long-range Li + motion in BSC and BTS, 5 the absence of a relaxation peak in BTM may seem unexpected. Both Ca 2+ and Mn 2+ dopants (substitutional for Bi 3+ ) have an effective −1 charge yielding an attractive trapping potential for the positive interstitial 8 Li + , but the Mn concentration is an order of magnitude larger. The high trap density in BTM will suppress Li + mobility. The exponential increase in 1/T 1 above 200 K may be the onset of a diffusive BPP peak, but, in this case, one does not expect it to be so similar between the two very different magnetic fields. This may reflect a trade-off between the increase in ω 0 that shifts the peak to higher temperature, slowing the relaxation on its low-T flank, and the increased polarization of the Mn moments by the field that amplifies local magnetic inhomogeneities. A motional origin for this increase is consistent with the apparent E A ∼ 0.2 eV, similar to 8 Li + in BTS, 5 which also has a Te bounded vdW gap of similar size to BTM (2.620 Å). However, it may have a different explanation, see below in Section IV C.
B. Electronic effects at low temperature
Bismuth chalcogenide (Bi 2 Ch 3 ) crystals exhibit substantial bulk conductivity, despite a narrow gap in the 3D band structure, making it difficult to distinguish effects of the metallic TSS. This is due to native defects (e.g., Ch vacancies) that are difficult or impossible to avoid. 3 Extrinsic dopants, such as substitutional Ca/Bi, can be used to compensate the spontaneous n-type doping. Brahlek et al. have argued 69 that, even for the most insulating compensated samples, the carrier densities far exceed the Mott criterion, making them heavily doped semiconductors in the metallic regime. In this case, we expect metallic NMR characteristics, 70 namely a magnetic Knight shift K, proportional to the carrier spin susceptibility χ s . In the simplest (isotropic) case,
where A is the hyperfine coupling constant, which is accompanied by a SLR rate following the Korringa law, 31,37
Here, γ n is the nuclear gyromagnetic ratio, g * is the carrier gfactor, and µ B is the Bohr magneton. Combining Equations (8) and (9), we obtain the Korringa product, which is independent of the value of A,
For 8 Li,
S(g * ) ≈ 1.20 × 10 −5 g * g 0 2 s K, where, unlike in metals, we have allowed for an effective g-factor that may be far from its free electron value g 0 ≈ 2. 71 Indeed, recent electron paramagnetic resonance (EPR) measurements in Bi 2 Se 3 find g * ≈ 30. 72 According to Ref. 69 , BTS and BSC lie on opposite sides of the Ioffe-Regel limit, where the carrier mean free path is equal to its Fermi wavelength, with BSC having a higher carrier density and mobility. A comparative Korringa analysis could test this assertion and, to this end, using Equation (10) we define the dimensionless Korringa ratio as
Below the Ioffe-Regel limit, the autocorrelation function of the local hyperfine field at the nucleus, due to the carriers (that determines T 1 ) becomes limited by the diffusive transport correlation time. This has been shown to enhance the Korringa rate (i.e., shortening T 1 ). 73, 74 From this, one expects K would be smaller in BTS than in BSC. There are, however, significant difficulties in determining the experimental K . First, the Korringa slope depends on Table III . Korringa analysis of BSC and BTS 5 at 6.55 T and low temperature. To calculate K , we take S(g * ) in Equation (11) to be 2.69 × 10 −3 s K, using the g * from EPR. 72 1/(T 1 T) (10 −6 s −1 K −1 ) K (ppm) K Bi 2 Se 3 :Ca 9.5(8) −31(3) 0.038(8) Bi 2 Te 2 Se 1.79 (7) −115(3) 2.78 (18) magnetic field. At low fields, this is due to coupling with the host nuclear spins, a phenomenon that is quenched in high fields where the 8 Li NMR has no spectral overlap with the NMR of host nuclei. For example, in simple metals, we find the expected field-independent Korringa slope at high fields in the Tesla range. 18 In contrast, in BTS, the slope decreases substantially with increasing field, even at high fields. 5 We suggested this could be the result of magnetic carrier freeze-out. While we do not have comparably extensive data in BSC, we can compare the slope at the same field, 6.55 T (see Table III ). Here, in both materials, the relaxation is extremely slow, exhibiting no curvature in the SLR during the 8 Li lifetime (Figure 1 ), so the uncertainties in 1/T 1 T are likely underestimates. The larger slope is, however, consistent with a higher carrier density n in BSC. The Korringa slopes should scale 71 as n 2/3 . Using n ∼ 1 × 10 19 cm −3 in BSC 11 and ∼2 × 10 17 cm −3 in BTS, 75 the slopes should differ by a factor of ∼14, while experimentally the ratio is ∼5. The next difficulty is accurately quantifying the shift K, which is quite small with a relatively large demagnetization correction. Experimentally, the zero of shift, defined by the calibration in MgO, differs from the true zero (where χ s = 0) by the difference in chemical (orbital) shifts between MgO and the chalcogenide. However, because Li chemical shifts are universally very small, this should not be a large difference, perhaps a few ppm. The negative low temperature shift is also somewhat surprising. The hyperfine coupling A for Li is usually determined by a slight hybridization of the vacant 2s orbital with the host conduction band. As the s orbital has density at the nucleus, the resulting coupling is usually positive, with the d band metals Pd and Pt being exceptional. 18 For a positive A, the sign of K is determined by the sign of g * , which has not yet been conclusively measured in either BSC or BTS. A more serious concern is that K depends on temperature (in contrast to simple metals) and, at least in BTS, also on applied field. 5 To avoid ambiguity from the field dependence, we similarly restrict comparison to the same field, 6.55 T. A similarly temperature dependent shift (for the 207 Pb NMR) was found in the narrow band semiconductor PbTe, 76 where it was explained by the temperature dependence of the Fermi level E F . 77 At low-T in the heavily p-type PbTe, E F occurs in the valence (or a nearby impurity) band, but with increasing temperature, moves upward into the gap, causing a reduction in |K |. With this in mind, we assume the low temperature shift is the most relevant for a Korringa comparison. Without a measured g * in BTS, we simply assume it is the same as BSC, and use the g * from EPR 72 to calculate the values of K in Table III .
The values of K are just opposite to the expectation of faster relaxation for diffusive BTS compared to metallic BSC. 69 Electronic correlations can, however, significantly alter the Korringa ratio to an extent that depends on disorder. 78 There should be no significant correlations in the broad bulk bands of the chalcogenides, but in narrow impurity bands, this is certainly a possibility. We note that K is also less than 1 in PbTe, 79 similar to BSC. At this stage, without more data and a better understanding of the considerations mentioned above, it is premature to draw further conclusions.
C. Magnetism in Bi 2 Te 3 :Mn
In the Mn doped Bi 2 Te 3 at low field, the relaxation from magnetic Mn 2+ becomes faster as the spin fluctuations slow down on cooling towards T C . In particular, the low-T increase in 1/T 1 occurs near where correlations among the Mn spins become evident in EPR. 23, 80 In remarkable contrast to ferromagnetic EuO, 52 the signal is not wiped out in the vicinity of T C , but 1/T 1 does become very fast. This is likely a consequence of a relatively small hyperfine coupling consistent with a Li site in the vdW gap.
High applied field slows the Mn spins more continuously starting from a higher temperature, suppressing the critical peak and reducing 1/T 1 significantly, a well-known phenomenon in NMR and µSR at magnetic transitions (see e.g., Ref. 81) . This also explains the small critical peak in the 8 Li SLR in the dilute magnetic semiconductor, Ga 1-x Mn x As. 54 As in GaAs, Mn in Bi 2 Te 3 is both a magnetic and electronic dopant. At this concentration, BTM is p-type with a metallic carrier density of ∼7 × 10 19 cm −3 . 13, 23 However, the difference in scale of 1/T 1 at high field between Figures 2 and 6 shows that the Mn spins completely dominate the carrier relaxation.
It is also remarkable that the resonance is so clear in the magnetic state, in contrast to Ga 1-x Mn x As. 54 The difference is not the linewidth, but rather the enhanced amplitude. This may be due to slow 8 Li spectral dynamics occurring on the timescale of τ β that effectively enhance the amplitude, for example, slow fluctuations of the ordered Mn moments, not far below T C . Similar behavior was found in rutile TiO 2 at low temperature, where it was attributed to field fluctuations due to a nearby electron polaron. 30 Enhancement of the RF field at nuclei in a ferromagnet 82 may also play a role.
Above 200 K, the activated increase in 1/T 1 may indicate the onset of diffusive 8 Li + motion, similar to the nonmagnetic analogs, with the additional effect that the local magnetic field from the Mn spins is also modulated by 8 Li hopping (not just the EFG), similar to the ordered magnetic vdW layered CrSe 2 . 83 However, it may instead mark the onset of thermal excitation of electrons across the bandgap that is narrowed by Mn doping. 13 Thermally excited carriers may also explain the increase in 1/T 1 at comparable temperatures in Ga 1-x Mn x As, 54 a very different medium for Li + diffusion. Thermally increased carrier density would strengthen interaction between the Mn moments, extend their effects via Ruderman-Kittel-Kasuya-Yosida (RKKY) polarization, and increase 1/T 1 . Measurements at higher temperatures may be able to discriminate these possibilities, but it is likely that both processes will contribute.
Having established the effects of Mn magnetism in the bulk, it would be interesting to use lower implantation energies to study how they may be altered in the surface region by coupling to the TSS.
V. CONCLUSION
Using implanted 8 Li β-NMR, we have studied the electronic and magnetic properties of the doped TIs BSC and BTM. From SLR measurements, we find evidence at temperatures above ∼200 K for site-to-site hopping of isolated Li + with an Arrhenius activation energy of ∼0.4 eV in BSC. At lower temperature the electronic properties dominate, giving rise to Korringa-like relaxation and negative Knight shifts, similar to isostructural BTS. A quantitative comparison reveals Korringa ratios opposite to expectations across the Ioffe-Regel limit. In BTM, the magnetism from dilute Mn moments dominates all other spin interactions, but the β-NMR signal remains measurable through the magnetic transition at T C , where a critical peak in the SLR rate is observed. The ∼0.2 eV activation energy from the high temperature increase in the SLR may be related to Li mobility or to thermal carrier excitations.
With these new results, a more complete picture of the implanted 8 Li NMR probe of the tetradymite Bi chalcogenides (and other vdW chalcogenides) is beginning to emerge. At high temperatures, isolated 8 Li + has a tendency to mobilize, providing unique access to the kinetic parameters governing Li + diffusion in the ultra-dilute limit. At low temperature, 8 Li is sensitive to the local metallic and magnetic properties of the host. With the bulk NMR response now established in Bi 2 Ch 3 TIs, the prospect of directly probing the chiral TSS with the depth resolution provided by β-NMR remains promising. 1 keV 8 Li + 3 keV 8 Figure 8 . Stopping distribution for 8 Li + implanted in the doped TIs BSC and BTM, calculated using the SRIM Monte Carlo code 26 using 10 5 ions. The implanted probe ions stop principally within ∼250 nm from the crystal surface, with only a minor "tail" penetrating further.
Only at the lowest 8 Li + implantation energy 1 keV does an appreciable fraction (∼15 %) stop in the region where surface effects are expected to be important. calculated, in the nomenclature of ion-implantation literature, the range and straggle (i.e., the mean and standard deviation) of the 8 Li + stopping depth. Additionally, the fraction of the simulated ions that were backscattered (i.e., did not stop in the target material) or stopped at very shallow depths below the surface, were determined for BSC (see Figure 9 ). At the ion beam energies used here (1 keV to 25 keV), only a minority of the implanted 8 Li + ions stop in the top few nm where surface effects are anticipated.
Appendix B: Helicity-resolved resonances
A typical helicity-resolved 8 Li resonance spectrum in BSC is shown in Figure 10 . Besides the well-resolved fine structure, the spectra unambiguously reveal the multi-component nature of the line. A quadrupolar splitting, giving the anti-symmetric shape about the resonance centre-of-mass in each helicity, on the order of several kHz, can be identified from the outermost satellites. In contrast to conventional NMR, note that the satellite intensities are chiefly determined by the high initial polarization, which increases the relative amplitude of the outer satellites, 28 which also depend on the SLR. Apart from the quadrupolar component, another contribution at the resonance "centre", with no resolved splitting is discernible, analogous that observed in other vdW materials. 5, 56, 83 Unlike the more common case encountered for the spin I = 3/2 7 Li nucleus, there is no m ±1/2 ↔ m ∓1/2 main line transition that is unshifted in first-order by the quadrupolar interaction. The absence of any peaks interlacing the m ±2 ↔ m ±1 transitions suggest this "cen- . Stopping details for 8 Li + implanted in BSC calculated using the SRIM Monte Carlo code. 26 The ion stopping range and straggle (i.e., mean and standard deviation) at each implantation energy are shown in the top panel. The bottom panel shows the predicted fraction of 8 Li + that are backscattered and those that stop within the first ∼6 nm, where surface effects are expected. Except at the lowest implantation energy, this latter fraction is negligible. The solid grey lines are drawn to guide the eye.
tral" line cannot be multi-quantum (cf. the spectrum in Bi 28, 57 ). For presentation, we combined the helicity-resolved spectra to give an overall average lineshape (Figure 3 in Section III A). Combined helicities Figure 10 . Typical helicity-resolved 8 Li spectra in BSC, revealing the fine structure of the line. Four quadrupole satellites, split asymmetrically in each helicity about a "central" Lorentzian (marked by a vertical dashed line) are evident. Note that, in contrast to conventional NMR, the satellite amplitudes are determined primarily by the highly polarized initial state. The solid black lines are the fits described in the text and the vertical dashed line marks the resonance central frequency ν 0 .
